Sediment supplies and stream discharge together determine the patterns, over time, of suspended sediment loads in small streams. Most of the uncertainty in empirical streamflow-sediment relationships can be attributed to changing supplies. Our transport model utilizes a power function of the form C -aQ b, where C and Q are sediment concentration and stream discharge, respectively. This expression was augmented with a variable S representing sediment storage in the channel system. The resulting supplybased model was calibrated to concentration and streamflow time series data from four storm events in a small forested watershed in coastal Oregon. We also calibrated the model to data from a controlled reservoir release in Utah, during which streamflow was held constant for an extended period. In all cases the supply-based model followed observed concentration time series more accurately than did a transport model based on Q alone. We further enhanced performance of the supply-based model by distributing sediment supplies S among several compartments which were accessed at different levels of stream discharge. Both the single-compartment and distributed models demonstrate that a knowledge of sediment supplies can improve predictions of suspended sediment concentrations during storm runoff.
INTRODUCTION
Sediment yields from small watersheds are difficult to model and predict. The sediment load of a small stream typically shows considerable variability over time, as it responds in a highly sensitive, nonlinear fashion to changes in streamflow and sediment availability. Unfortunately, the set of processes in stream systems which link sediment sources and runoff to sediment transport have not yet been well identified, much less quantified [Wolman, 1977] . Much of the difficulty lies in merely observing sediment transport, since the majority of the sediment load is usually carried during brief, infrequent periods of high runoff.
In view of these problems, it is not surprising that the most practical sediment transport models continue to be empirical relations between sediment load and streamflow. The simplest model of this type is the familiar sediment transport curve or rating curve C = aQ b
in which Q is stream discharge and C is either suspended sediment concentration or yield. Values of a and b for a particular stream are determined from data via a linear regression between (log C) and (log Q). Equation (1) is usually combined with a streamflow duration curve to estimate mean annual yield [Piest and Miller, 1975] . The simple transport curve has been extended in several directions. Guy [1964] and many others have studied multivariate forms of (1), with factors such as rainfall and time of event occurrence as possible independent variables. One stochastic extension of the transport curve views Q as a stochastic process in order to estimate the temporal variability of sediment yield IVanSickle, 1982] . Another stochastic approach involves Box-Jenkins type transfer function models, in which the present value of C depends on past values of C, as well as present and past values of Q [Sharma et al., 1979] .
These extended models have all tried to improve the low accuracy seen in most applications of (1) where observed suspended sediment concentrations vary up to an order of magnitude at a given discharge level. Most of the scatter about the regression line in the figure is probably due to changing supplies of available sediment. Although sediment supply is generally recognized as the single most important factor (other than streamflow) which determines watershed sediment yield patterns over time, sediment storage or supply remains an elusive variable, difficult to measure or to model [Wolman, 1977] . Studies of annual sediment budgets have recently begun to include direct, quantitative estimates of sediment sources [Dietrich and Dunne, 1978; Kelsey, 1980] . At present, however, estimates of every term in the budget equation are not yet possible within the time frame of individual runoff events.
The qualitative effects of sediment supply on sediment concentrations and yields have often been described. During a single runoff event, concentrations C at a specific discharge level Q usually decrease with time, owing to supply depletion.
When observed values of Q and C are l•1otted with time as a parameter, over the course of a single storm event, a hysteresis loop often results. These hysteresis loops have been described for streams of all sizes [Leopold et al., 1964; Shen, 1971; Walling, 1977; Paustian and Beschta, 1979; Whitfield and Schreier, 1981] . A similar effect is seen on a seasonal time scale; concentrations at a given discharge nearly always decrease as the runoff season progresses and sediments are flushed from the watershed and/or stream system [Leopold et al., 1964; Piest and Miller, 1975; Nanson, 1974 ; Beschta, 1978] .
The phenomena of seasonal decline and storm hysteresis are apparent in most sampled time series of C and Q. In this paper we model those time series by adding a new variable to (1). The new variable S(t) represents sediment supply, and the modified form of (1) expresses the effects of supply depletion on sediment concentrations. We present model applications for which we have no direct estimates of S(t); hopefully, estimates of S(t) will soon be practical. Sediment inputs to streams and in-channel storage sites are just beginning to be identified and quantified as part of larger sediment budget studies [Swanson et al., 1982] .
We applied the supply-based model to data from an undisturbed watershed in the Oregon Coast Range and also to data We began by assuming that the total amount of sediment stored upstream of a sampling location at time t can be lumped into a single storage variable S(t). The supply S(t) is assumed to be suspendable material stored within the stream channel. For the model applications discussed here, the largest storm events had peak flows with return periods of about 2 years, and they peaked at, or slightly above, bankful stage [Beschta, 1981-1. In the model, S(t) and sediment transport dynamics follow a scenario (Figure 2 ) which is generally applicable to streams draining lower-elevation (< 1200 m) forested watersheds in the Pacific Northwest. At the start of the autumn rainy season, S(t) is assumed to be at an initial maximum, So. The supply is periodically depleted through the fall and winter by a sequence of brief (generally _< 72 hours), distinct runoff events due to rainstorms. Figure 2 illustrates changes in S(t), suspended sediment concentration C(t), and discharge Q(t) during two events. Between storms, flow is greatly reduced, sediment concentration is very low, and net transport is negligible [ VanSickle, 1981] ; the model is not operated during these intervals.
During a runoff event, sediment concentration is modeled with the sediment transport curve (1) modified to include a supply depletion or washout function: centrations also decrease. Thus g(S) should be positive valued with dg/dS >_ O. We will show later that g(S) has an exponential, rather than a linear, nature. However, its exact form is probably not critical. We chose the washout function to be g(S) = p.exp r (3) Equation (3) does not satisfy the intuitive requirement that g(0) = 0, but in practice, the parameter p is small and g(S) can be artificially set to zero for S = 0 without disrupting the model dynamics of C(t) or S(t). Both p and r are dimensionless, empirically determined parameters. In order to use (2), we need to keep track of the supply, S(t). The only losses from the storage compartment are assumed to be due to sediment transport, and the flux past the sampling point is simply Q. C. Hence the complete model is
In the model, C(t) has units of milligrams per liter, equivalent to grams per cubic meter, and Q(t) is in cubic meters per second. S(t) then has units of grams, but we report both supply and sediment yield in metric tons (tonnes). We do not have definitive physical interpretations for the parameters in (5), because they summarize the multitude of factors which determine sediment transport rates. Roughly speaking, however, the parameters a and b may be associated with characteristics of the channel system, such as hydraulic geometry, channel morphology, gradient, etc., which determine transport rates at a given discharge and level of sediment availability. The parameter r can be interpreted as an index of sediment availability. Because of the nonpoint nature of sediment sources distributed throughout a channel system, discrete sediment storage locations are not easily identifiable. In-channel supplies during high flows might include the release of suspended sediments from riffles undergoing scour, erosion and sloughing of bank sediments, and the scouring of deposits in pools. However, at least in the Pacific Northwest, mass soil erosion (landslides, soil creep, and debris avalanches) represents the ultimate source of seci•ments for many mountain streams. Sediment inputs to storage are as complex in space and time as are the storages themselves and just as difficult to quantify. For now, we are forced to model sediment inputs in the same, almost abstract, fashion as we define S(t). We assume that a sediment input I in the model occurs as a lump sum of material added between storms (Figure 2 ). In practice, the input merely resets S(t) between events.
Model time series of C(t) can be compared directly with data, but we have no observations for S(t). However, losses from supply, i.e., sediment yields, can be directly calculated from C and Q data. The form of (2) and (5) is well suited to studying the variability among sediment concentrations which are observed at the same streamflow levels. As shown in Figure 2 , let tA and t• be two different times for which Q(tA)= Q(t•). The concentration ratio Rc(t •, tA) can then be defined as During the runoff events, suspended sediment concentration and stream discharge were measured hourly. To estimate cumulative yield from the data, via (6), we filled gaps in the C(t) record using linear interpolation. Simulations of (4) We also used data from the same event to estimate r/So. Equation ( For the two remaining 1977 events, only sediment inputs between storms were adjusted to achieve the fits shown in Figure 4 . Between storms 1 and 2 we added I = 19.5 tonnes to $(t), and between storms 2 and 3, I = 7.8 tonnes were added to $(t). It is interesting that the input between storms 1 and 2 was about 75% as large as the total observed sediment yield from storm 1. The value of I between events 2 and 3 was about equal to the yield from storm 2. The model reflects the fact that concentrations on the falling limb of a storm hydrograph were To summarize, we note that model time series for C(t) agreed fairly well with observed values over the course of four events (Figures 3-5) . From a purely quantitative standpoint, the supply-based model appeared to perform slightly better than the conventional transport curve, as Table 1 shows. Values of ES/E r are less than 1 for all four events. In addition, the supply model's better fit was achieved with a total of seven parameter estimates for the four events (a, b, So, r, followed by two values of I for 1977 plus a value of r for 1979), compared with eight estimates (new values of a and b for each event) for the simple transport curve. However, these differences could probably not be supported statistically.
A DISTRIBUTED SUPPLY MODEL
The least realistic feature of (4) and (5) is the lumping of all sediment supplies into a single variable, S(t). For this reason, we explored a model in which the total supply of sediment is distributed among several model storage compartments. In the distributed model, the magnitude of Q determines the set of storage compartments from which sediment may be removed.
We assume that, as streamflow increases, sediment is removed from an increasing number of storage sites, and each site is depleted at a rate dependent on supply and discharge.
The model structure is illustrated in Figure 6a . We assign a set of fixed discharge levels, Q0, Q Figure 7 was achieved. The total of the four inputs was about half as large as the total yield from storm 1. Calibration of storm 3 followed the same procedure.
In short, the distributed model appeared to perform slightly better than the single-supply model. The distributed model's most important advantage, however, is that it provides for the eventual use of direct storage estimates from several sites, each of which is accessible for a different discharge level. These authors also examined linear regressions of (log C) versus (time) for the two periods at the two stations. They concluded that concentrations were decaying exponentially over time during these periods, but the rate of decay during period 2 was considerably less than that during period 1 at both stations. Their hypothesis was that the drop in discharge from 4.9 to 4.4 m 3 s-• between the periods was responsible for the lower decay rate in the second period.
We could have applied the distributed model to this event. However, if discharge remains constant, then the set of accessible supply compartments remains fixed over time. For a quantitative test of the supply-based model, we used a model equation which, like the case of simple exponential decay, has only one parameter to be estimated from the data. This simplification was possible because Q was constant. Recall that (9) relates sediment concentration to sediment yield for two instants in time having the same Q. Let ts be the start of a period of constant discharge. Then (7) and (9) can be combined to give: 
where t is any time after ts for which Q remains constant. In (16) the value of r/So can be estimated from a regression of 1Oge C(t) on Y(t, rs). Figure 9 shows three such regressions based on the concentration data from stations A and B during period 1 and from station B during period 2. The concentrations from station A during period 2 were not included because they appeared to have dropped to a level at which further decreases were lost in the background noise level. Beschta et al. [1981b] found that the slope of the [log e C(t)] versus (t) regression was virtually zero during this period at station A. To confirm this, we calculated a rank correlation coefficient between C(t) and t for the same data. The resulting value of Spearman's rho was negative, but it was not different from zero at a 5% significance level [Snedecor and Cochran, 1967] . Since Y is a cumulative variable, we could not use correlation coefficients from the regressions to test the validity of (16), but each data set appears to be scattered fairly evenly about its regression line.
The most interesting feature of the regressions in Figure 9 is their slopes. According to (16), each slope is an estimate of (-r/So) for that particular data set. For a given value C(0), (17) can be solved iteratively to give C(At), C(2At), C(3At), etc. Both models require a specified value of C(0) as an initial condition. Figure 8 shows that during the first few hours of period 2, the concentration at station B varied erratically, probably because of the sudden increase in discharge. Accordingly, in both models we set C(0) = 156 mg l-•, which was the average of C(t) over the first 4 hours of period 2. We then set the time origin at hour 2 of the period and produced hourly predictions from both models for hours 5 through 25. Equation (17) used At-1 hour and also included appropriate conversion factors (e.g., At is 1 hour, but Q has units of cubic meters per second).
Both predictions were compared with C(t) data during period 2 by means of the same error criterion as employed in the Flynn Creek example. The average absolute concentration error, as defined in Table 1 We feel that the supply-based approach shows promise as a predictive tool, and as a conceptual tool, in studying stream sediment yields. Of the two models, the single-supply version has the greatest predictive potential. We have not yet made a strong statistical case for the predictive superiority of the single-supply model over the transport curve (1). The transport curve has a few more degrees of freedom than the supply-based model. However, in some basins it may be possible to estimate independently two of the supply-based parameters, r and So, from channel surveys.
To make effective predictions with the single-supply model, we need to know the frequency and number of (C, Q) observations required for calibration. The Flynn Creek simulations indicate that good parameter estimates can be made from (C, Q) regressions on the rising hydrograph limb of the first fall event and from sample values of Rc taken during the event. Further, the simulations suggested that the initial parameter values were relatively stable over time. Detailed sampling of later storms would not be necessary but could improve subsequent predictions. When new data become available, model parameters can be quickly updated; although our calibrations were done by trial and error, the model should lend itself well to on-line nonlinear programing methods for estimation of its few parameters.
The distributed supply model, on the other hand,• can be a useful conceptual aid to sediment budget analyses. It suggests that identifiable sediment storage sites in a given channel and floodplain could be categorized by their accessibility to different discharge levels. If this categorization can be made, then the model could be used to help follow, over time, the depletion and resupply of specific sites.
A more theoretical approach to the problem of identifying storage locations could be taken by drawing on studies of the hydraulic geometry of river channels [e.g., Leopold It should be clear that the supply-based approach need not apply only to streams with storm event type hydrographs. If model parameters can indeed be estimated from a single runoff event, then the models may also be valuable for watersheds with snowmelt hydrographs. Regardless of the specific application, however, the most uncertain model features will continue to be the specific locations, sizes, and relative accessibility of sediment storage sites and their ultimate sources. We believe that a quantitative knowledge of sediment supplies is the key to improved modeling of sediment yield.
